The nuclear receptor (NR) superfamily represents an important group of regulating factors that control the expression of a number of target genes including those encoding important drug metabolizing enzymes and drug transporters. Single nucleotide polymorphism (SNP) is the most common mutation in the human genome and a large number of SNPs have been identified to date. It is unlikely to examine the functional impact of all these mutations using an experimental approach. As such, we employed two algorithms, Sorting Intolerant from Tolerant (SIFT) and Polymorphism Phenotyping (PolyPhen) to predict the impact of non-synonymous SNPs (nsSNPs) on NR activities and disease susceptibility. We identified 442 nsSNPs in a systematic screening of 48 human NR genes. Using SIFT, of 442 amino acid substitutions, 289 (65.38%) were classified as "intolerant". The PolyPhen program classified 269 (60.86%) of them as "probably damaging" or "possibly damaging". The results from the two algorithms were in concordance. Among the 442 mutations, 229 of them have been functionally characterized. SIFT predicted 192 of these nsSNPs as "intolerant", resulting in a correct prediction rate of 83.84%, while PolyPhen gave a prediction rate of 76.86%. For 216 nsSNPs of the androgen receptor gene, 149 nsSNPs have been functionally studied and most (121) of them resulted in a reduction of receptor activity. SIFT sorted 187 out of 216 as "intolerant" (86.57%) and PolyPhen identified 159 out of 216 as "potentially intolerant" (73.61%). These results indicate that both SIFT and PolyPhen are useful and efficient tools to predict the functional effects of nsSNPs of human NR genes.
INTRODUCTION
Nuclear receptors (NRs) are a group of important proteins that are found in the interior of cells [1] . Different from other classes of receptors, NRs can directly interact with genomic DNA and act as a class of transcriptional regulators. The primary function of NRs is to sense and bind small molecules such as hormones and certain exogenous molecules and control the transcription of crucial target genes which regulate a variety of important biological functions such as cell growth, metabolism, development and homeostasis [1] . To date, forty-eight NR members have been found in human beings [2] . All NRs form a superfamily and are classified according to their conserved structural domains. NRs have a similar modular structure which contains several functional domains from the N-to C-terminus [1] , including the variable modulatory A/B domain that is near the Nterminal regulatory domain; the highly conserved DNAbinding domain (DBD) containing two zinc fingers which encompass 80 amino acid residues; the flexible hinge D region which connects the DBD with the ligand-binding domain (LBD); the LBD which is moderately conserved in sequence and highly conserved in structure between the various NRs; and an F-domain that is not found in all NRs. The DBD binds specific sequences of DNA called hormone response elements, while the LBD embraces a hydrophobic ligand-binding pocket that is specific to different receptors. Of the six main structural domains, the DBD and LBD are the two most conserved domains and are regarded as dual signatures of NR superfamily [1] .
Single nucleotide polymorphisms (SNPs), i.e. variations of genomic DNA sequence at a single nucleotide between the different members of a species or paired chromosomes in an individual, are the most common type of point mutations and most frequent type of gene variations [3] . The position where the SNP occurs may fall within any fragment of the genome, e.g. exons' or introns' or outside of a gene region. When an SNP does not affect the product of a gene, it is termed 'synonymous SNP' (sometimes it is also called 'silent' mutation) since it does not result in a change of the amino acid sequence of the encoded protein [3] . Nearly all of the SNPs which occurr in non-coding regions of DNA are silent mutations. However, when an SNP occurs in a coding region of a gene, for the reason of genetic codon degeneracy, it is not necessary to change the amino acid sequence of the corresponding protein. Only when a SNP falls within an exon of a gene and results in a change in the amino acid sequence, it is termed 'non-synonymous SNP' ('nsSNP'). All nsSNPs may potentially affect functions and interactions of expressed proteins and could have an impact on certain human diseases [4] . SNPs that are not in protein-coding regions may still have consequences for gene splicing, transcription factor binding, or the sequence of non-coding RNA [4] . To understand the relationship between genetic mutations such as nsSNPs and phenotypic variation, it is essential to assess the structural consequences of the respective non-synonymous mutations in proteins [5] .
The largest primary database for SNPs is the public database of SNPs at the National Center for Biotechnology Information (NCBI dbSNP database, USA) which was developed to facilitate the management of SNP data, to integrate these data with other NCBI resources, and to widely distribute the information to the global scientific community. As of Using an experimental approach to explore the potential impact of nsSNPs on protein function and the association between these nsSNPs and disease susceptibility would be extremely time-consuming and almost unlikely and probably suffer from low statistical power to distinguish diseasecausing nsSNPs from non-disease-causing nsSNPs [6] . However, to prioritize candidate nsSNPs for their likely impact on protein function and disease susceptibility, bioinformatics methods can provide a solution to this problem. Bioinformatics approaches that are based on the biochemical severity of the amino acid substitution, and the protein sequence and/or structural information, can offer a more feasible means for phenotype prediction. The algorithm "Sorting intolerant from tolerant" (SIFT, http://blocks.fhcrc.org/ sift/SIFT.html; access date: 18 September 2009) [7] is used to predict the functional effect of an amino acid substitution according to sequence homology and the physical properties of amino acids. This can be applied to naturally-occurring nsSNPs and laboratory-induced missense mutations. Another important algorithm is Polymorphism Phenotyping (PolyPhen, http://genetics.bwh.harvard.edu/pph/; access date: 18 September 2009) [8] , which predicts the possible impact of an amino acid substitution on the structure and function of a human protein based on straightforward physical and comparative considerations. Additionally, other algorithms also employ sequence and/or structural information, such as SNPs3D (a web resource and database that provides and integrates as much information as possible on disease/gene relationships at the molecular level; http://www.snps3d.org/; access date: 18 September 2009) [9] , PMUT (a web-based tool for prediction of the pathological character of single point amino acid mutations based on the use of neural networks; http://mmb2.pcb.ub.es: 8080/PMut/; access date: 18 September 2009) [10] , and topoSNP (a topographic database of nsSNPs with and without known disease association; http://gila.bioengr.uic.edu/snp/toposnp/; access date: 18 September 2009) [11] . Generally, these computational methods provide a feasible, high-throughput way to determine the impact of large numbers of nsSNPs on protein function.
Although extensive research on the relationship between the genotype and phenotype of nsSNPs in human NR genes has been undertaken, this is still limited to a small fraction of nsSNP identified. Although deleterious nsSNPs of human NR genes have received great interest from experimental scientists, the functional impact of most nsSNPs in human NR genes is unknown. The aim of this study was to predict the phenotypic effect of all coding-region nsSNPs in human NR genes using in silico approaches and the predicted results were compared with published phenotypic studies.
MATERIALS AND METHODS

Collection of Human NR Genes
The data on human NR genes were all collected from Entrez Gene on the NCBI Website (http://www.ncbi.nlm.nih. gov/sites/entrez; access date: 18 September 2009) and HUGO gene database (http://www.genenames.org/; access date: 18 September 2009). All of the human NR genes investigated in this study were named in accordance with the Nuclear Receptors Nomenclature Committee (1999) [12] and NucleaRDB (http://www.receptors.org/NR/; access date: 18 September 2009) [13] . With improved knowledge of molecular biology, we have excluded some previously used gene names that have expired and some genes from Entrez Gene that are not real NR genes. Finally, we collected 48 human NR genes which could be grouped into 7 subfamilies ( Table 1) .
Data Compiling for Phenotype of nsSNPs of Human NR Genes
The phenotype data of nsSNPs of human NR genes available were compiled from the PubMed (http://www.ncbi.nlm. nih.gov/PubMed/; access date: 18 September 2009), OMIM (http://www.ncbi.nlm.nih.gov/sites/entrez?db=omim; access date: 18 September 2009) and UniProtKB/Swiss-Prot databases (http://ca.expasy.org/sprot/; access date: 18 September 2009). All relevant data on the effect of the nsSNP on human NR activity and the correlation between the nsSNP and disease obtained from in vitro [e.g. site-directed mutagenesis analysis (SDM)] and in vivo studies (e.g. clinical association studies) were collected.
Prediction of the Phenotype of nsSNPs in Human NR Genes
We used SIFT (http://blocks.fhcrc.org/sift/SIFT.html; access date: 18 September 2009) [7] and PolyPhen (http://genetics.bwh.harvard.edu/pph/; access date: 18 September 2009) [8] to predict the presumed effects of nsSNPs on protein structures and functions. These two bioinformatic tools enable high-throughput prediction of the potential impact of nsSNPs and large-scale polymorphism analyses. Both SIFT and PolyPhen algorithms provide a series of prediction score categories based on the probability that an nsSNP will be tolerant or deleterious. SIFT uses position-specific information derived from sequence alignment to predict tolerated and deleterious substitutions for every position of the query sequence, and requires only sequence and homologue information derived from a phylogeny or sequence alignment. SIFT is based on a position-specific scoring matrix (PSSM), and estimates positions that will be unfavourable to mutation, based on tolerated mutations in homologues. SIFT can be applied not only to naturally-occurring nsSNPs but also to artificial missense mutations [7, 14] . Using the NCBI position specific iterative (PSI)-BLAST program [15] , SIFT performs as following: a) searching for similar sequences; b) choosing closely related sequences that may share similar function to the query sequence; c) obtaining the alignment of these chosen sequences; and d) calculating normalized probabilities for all possible substitutions from the alignment. SIFT scores are designated as tolerant (0.201-1.00), borderline (0.101-0.20), potentially intolerant (0.051-0.10), or intolerant (0.00-0.05) [16, 17] . Likewise, the PolyPhen algorithm applies a wide variety of features that are sequence-, evolutionary-, and structurally based to predict whether an nsSNP is likely to affect protein function, and performs optimally if structural information is available. It performs sequence-based characterization of substation sites and profile analysis of homologous sequences and maps of the substitution sites to known protein three dimensional structure. PolyPhen combines a conservation score with additional properties (physico-chemical differences and structural features of the polymorphic variants) in order to predict the functional importance of an amino acid alteration. Currently, more than 11,000 nsSNPs have been annotated [14] . PolyPhen performs the prediction through sequence-based characterization of the substitution site, calculation of positionspecific independent count (PSIC) profile scores for two amino acid variants, and calculation of structural parameters and contacts. PolyPhen scores are classified as probably benign (0.000-0.999), borderline (1.000-1.249), potentially damaging (1.250-1.499), possibly damaging (1.500-1.999), or damaging ( 2.000) [17] .
Validation of the Phenotype Prediction of nsSNPs of
Human NR Genes nsSNPs of human NR genes with experimental evidence of altered activity or disease association were considered "really" deleterious. The phenotypic data are from both in vitro and in vivo studies, in which the SDM analyses often provide direct evidence indicating the functional impact of nsSNPs. Prediction accuracy was analyzed according to positive findings from these benchmarking experiments.
Statistical Analyses
Concordance analysis between the functional consequences of each nsSNP of NR genes predicted by the two in silico methods was assessed using Spearman's rank correlation coefficient . Correlation analysis between prediction score for deleterious nsSNPs and number of functional nsSNPs confirmed by in vivo/in vitro experiments was conducted using the Pearson's 2 test [18] . P values below 0.05 were considered statistically significant. Fig. (1) . illustrates the process of collecting the nsSNP data for human NR genes, and seven steps were followed to mine the data on human NR genes and the nsSNPs. From step 1 to step 2, a total of 48 validated human NR genes were compiled (Table 1) . Meanwhile, 65 genes which identified encoding NR interacting proteins, binding factors and so on, were excluded for further nsSNP search. From steps 3 to 5, a total of 442 nsSNPs were collected from 48 human NR genes, with a mean value of 9.21 nsSNP per gene ( Table 1 ).
RESULTS
Selection of Human nsSNPs of NR Genes
In our data search, some previously reported SNPs in the dbSNP have been identified as invalid by later studies due to wrong sequencing and alignment. These erroneous SNPs have expired or have merged with other SNPs and some NR genes have been renamed. We have carefully crossexamined the databases and removed those old NR genes and invalid SNPs. Finally, a total of 442 nsSNPs including 144 RefSNPs and 298 SWISS SNPs were included in our dataset of nsSNPs of human NR genes (see Table 2 ).
The nsSNPs mainly occurred in the following human NR genes: androgen receptor gene (AR/NR3C4), dosagesensitive sex reversal gene (NR0B1/DAX1), thyroid hormone receptor-gene (THRB/NR1A2), vitamin D receptor gene (VDR/NR1I1), glucocorticoid receptor gene (NR3C1/GR), peroxisome proliferator-activated receptor-gene (PPARG/ NR1C3), progesterone receptor gene (PGR/NR3C3), hepatocyte nuclear factor-4 gene (HNF4A/NR2A1), and mineralocorticoid receptor gene (NR3C2/MR). The AR/NR3C4 gene contained the largest number of nsSNPs (n = 216), followed by THRB/NR1A2 (n = 26), GR/NR3C1 (n = 24), and DAX1/NR0B1 (n = 17).
On the other hand, there were no nsSNP recorded in the following NR genes: estrogen receptor-gene (ESR2/ NR3A2), human homologue of the Drosophila tailless gene (NR2E1/TLX), chicken ovalbumin upstream promoter transcription factor-1 gene (NR2F1/COUP-TFI), chicken ovalbumin upstream promoter transcription factor-2 gene (NR2F2/COUP-TFII), nuclear receptor related 1 gene (NR4A2/NURR1), germ cell nuclear factor gene (NR6A1/ GCNF), peroxisome proliferator-activated receptor-/ gene (PPARD/PPAR / /NR1C2), retinoic acid receptor-gene (RARA/NR1B1), retinoic acid receptor-gene (RARB/ NR1B2), RAR-related orphan receptor-gene (RORA/ NR1F1), RAR-related orphan receptor-gene (RORB/ NR1F2), and retinoid X receptor-gene (RXRG/NR2B3). 
Prediction of Functional Effect of nsSNPs of Human NR Genes
Among the 442 nsSNPs of human NR genes, 289 (65.38%) and 269 (60.86%) of which were predicted to be deleterious, whereas 150 (33.94%) and 169 (38.24%) were predicted as tolerated by SIFT and PolyPhen, respectively ( Table 3) . Among the 216 nsSNPs of the AR/NR3C4 gene, 187 (86.57%) and 159 (73.61%) of which were predicted to be deleterious, whereas 29 (13.43%) and 57 (26.39%) were predicted as tolerated by SIFT and PolyPhen, respectively (Table 4) . Thus, a slightly higher number of deleterious nsSNPs was obtained when the SIFT algorithm was used compared to the PolyPhen algorithm.
There was a significant similarity in the distribution of top 10 NR genes with most frequent deleterious nsSNPs (Table 5). When SIFT was applied for prediction, the 10 NR genes with most frequent deleterious nsSNPs were AR/NR3C4 (number of deleterious nsSNPs: 187), NR0B1/DAX1 (17) , THRB/NR1A2 (15) , VDR/NR1I1 (13) , GR/NR3C1 (10) , PPARG/NR1C3 (6), HNF4A/NR2A1 (5), pregnane X receptor (NR1I2/PXR, 4), NR3C2/MR (4), and estrogen receptor-(ESR1/NR3A1, 3), accounting for 91.35% (264/289) of predicted deleterious nsSNPs.
The top NR genes with most frequent deleterious nsSNPs predicted using PolyPhen were AR/NR3C4 (n = 159), THRB/NR1A2 (20) , NR0B1/DAX1 (14) , VDR/NR1I1 (13) , GR/NR3C1 (9) , PPARG/NR1C3 (9), progesterone receptor (PGR/NR3C3, 7), HNF4A/NR2A1 (4), NR1I2/PXR (4), and NR3C2/MR (4), accounting for 90.33% (243/269) of deleterious nsSNPs. The 10 NR genes containing most deleterious nsSNPs predicted by either SIFT or PolyPhen were AR/NR3C4 (194) , THRB/NR1A2 (21) , NR0B1/DAX1 (17) , VDR/NR1I1 (14) , NR3C1/GR (11) , PPARG/NR1C3 (9) , PGR/NR3C3 (7), NR1I2/PXR (6), NR3C2/MR (6) and HNF4A/NR2A1 (5) ( Table 5 ).
Effect of Predicted Deleterious nsSNPs on Amino Acid Changes
Typical deleterious nsSNPs and the corresponding amino acid substitutions of various human NR genes predicted simultaneously by both SIFT and PolyPhen algorithms are listed in Table 6 Table 7 shows the common amino acid change of deleterious nsSNPs in human NR genes predicted by SIFT and PolyPhen. The most common amino acid of contig reference (wild-type) was Arg, while Val and Thr were the most common amino acid of missense and Arg His was the most frequent substitution due to nsSNPs in human NR genes.
Potential effects of amino acid substitution due to nsSNPs in human NR genes as predicted by PolyPhen are shown in Table 8 . These included disruption of ligand binding site, disruption of annotated functional site, overpacking at buried site, contact with functional site, and hydrophobicity change at buried site.
Concordance Analysis of Predicted Results by SIFT and PolyPhen
To compare the prediction ability, we conducted a concordance analysis between the functional consequences for 442 nsSNPs predicted by either SIFT or PolyPhen ( Table 9) . Raw scores rather than the arbitrarily defined categories were used for the correlation analysis. There was a significant concordance between the predictions using both SIFT and PolyPhen (Spearman's = -0.601, p 0.001).
Validation of the Prediction of the Functional Impact of nsSNPs
Overall Prediction Accuracy
When one nsSNP predicted as "deleterious" was found experimentally to be associated with a remarkable change of phenotype such as altered receptor activity or transcription activation and binding affinity or disease, it was considered that the prediction of this nsSNPs was correct. The prediction was defined as an error if such a deleterious nsSNP was predicted as tolerant.
Based on the results of published in vitro and in vivo studies, 229 nsSNPs of human NR genes in the databases and literatures have been reported to alter receptor activity or transcription activation and binding affinity and correlate with diseases.
For each NR gene, the amino acid substitutions and consequent phenotypic implications have been compiled (see Table 10 ). These confirmed phenotypes of nsSNPs were related to alteration of receptor activity or transcription activation and ligand affinity, and then connected to susceptibility to disease such as complete androgen insensitivity (CAIS), thyroid hormone resistance (THR), congenital adrenal hypoplasia (CAH), vitamin D-dependent rickets, type II and glucocorticoid resistance, and loss of ligandbinding.
Most amino acid changes of human NRs cause decreased receptor activity such as decreased sensitivity for hormone, loss of hormone binding or impaired binding of the receptor to specific DNA sequences, but with some exceptions. For example, the twenty mutant ARs of Lys580Arg, Val715Met, His874Tyr, and Thr877Ala exhibited activity that was greater than wild-type AR in the presence of 10-7 M dehydroepiandrosterone (DHEA) [19] . A Ser597Gly amino acid substitution in AR/NR3C4 is able to partially restore DNAbinding activity to a mutant receptor protein that carries an Arg617Pro substitution [20] . The phenotype of nsSNPs in human NR genes also varied with different receptor activity and stability such as Gly400Val in ESR1/NR3A1 which destabilized the receptor and decreased its affinity for estradiol at 25°C [21] , but not at 4°C; Met807Val in AR/NR3C4 lost 75% androgen binding ability [22] ; Gly679Ser in GR/NR3C1 reduced transactivation capacity and lost 50% ligand binding affinity compared to the wildtype NR3C1/GR [23] ; Val393Ile in HNF4A/NR2A1 reduced the transactivation activity [24] ; and Arg315His in PPARG/ NR1C3 lost partial ligand-binding ability [25] .
In 229 confirmed phenotypes of human NR genes, more than half of the allelic variants were presented in AR/NR3C4 (149/229, 65%). Besides AR/NR3C4, confirmed phenotypes were mainly distributed in THRB/NR1A2 (21/229, 9%), NR0B1/DAX1 (15/229, 7%), VDR/NR1I1 (12/229, 5%) and NR3C1/GR (10/229, 4%) ( Table 10 ). These genes also have a high frequency of deleterious nsSNP. However, the NR1I2/PXR and PGR/NR3C3 genes, which were among the top ten genes with most frequent deleterious nsSNPs, had no phenotype confirmed so far. Fig. (2) displays the prediction for the functional impact of the 229 nsSNPs in human NR genes by SIFT and PolyPhen. Both algorithms had high prediction accuracy. According to the above criteria, approximately 83.84% and 78.86% of the 229 nsSNPs were correctly predicted as deleterious using SIFT and PolyPhen, respectively; while the error prediction was 16.16% and 23.14%, respectively (Table 11) . Based on the data from SDM assays, 83.80% and 76.06% of the prediction was correct using SIFT and PolyPhen, respectively. The error prediction was 16.20% and 23.94%, respectively. In nsSNPs predicted as deleterious, the prediction scores by SIFT and PolyPhen were correlated with the numbers of functional nsSNPs confirmed by available phenotype data, whereas only PolyPhen scores were correlated with numbers of functional nsSNPs when confirmed by SDM studies (Table 12 ).
In addition to the above experimental results, additional deleterious nsSNPs were predicted by both SIFT and PolyPhen algorithms. These deleterious nsSNPs comprised 54 RefSNPs and 67 SWISS SNPs. However, the phenotypic prediction of these nsSNPs as deleterious has not been confirmed by functional studies ( Table 6) .
Prediction for Individual NRs
Androgen plays an important role in male reproductive development and function. These steroid hormones transfer their action by binding to AR/NR3C4. AR/NR3C4 signalling leads to development of male sexual phenotype, and maturation of the secondary sex characteristics such as muscle mass, bone density and male libido. Disruption of this signalling can lead to androgen insensitivity syndrome (AIS) in which genotypic males are affected by a spectrum of differentiation abnormalities of the genital apparatus and of the secondary sexual characteristics [26] . Besides its role in AIS, AR/NR3C4 is important for prostate cell proliferation, differentiation, and play a role in the development of prostate cancer [19] . AR/NR3C4 acts to regulate gene expression in response to androgens such as dihydrotestosterone and testosterone. Among 48 human NR genes, SNPs of AR/NR3C4
have been researched widely. Among 216 nsSNPs recorded in the MutDB database, 187 and 159 nsSNPs were predicted to have phenotypical effect by SIFT and PolyPhen, respectively ( Table 4) . 149 nsSNPs predicted as deleterious using PolyPhen were confirmed to have phenotypes by in vitro and/or in vivo studies.
VDR/NR1I1 presents function in over 30 types of tissues and organs and plays a key role in the activation and regulation of vitamin D and calcium. VDR/NR1I1 involves multiple pathways and points of convergence within these pathways such as insulin-like growth factor signalling and estrogen-related pathways. Meanwhile, it has an importance in the aetiology of cancer [27] . Most studies of VDR/NR1I1 and cancer have focused on six polymorphisms: rs10735810 on exon 2, rs1544410 on intron 8, rs731236 on exon 9, rs7975232 on intron 8, rs757343 on intron 8, and the poly (A) mononucleotide repeat at the 3'-untranslated region of the gene. Different polymorphisms may have different functions depending on the location [28, 29] . For the two SNPs which are on the exons, rs10735810 was successfully predicted as a deleterious nsSNP by these two algorithms, while rs731236 is a synonymous mutation (http://mutdb.org/cgibin/mutdb.pl; access date: 18 September 2009) and was not included in this prediction.
PXR/NR1I2 activation is ligand dependent, and regarded as a sensor activated by exogenous and endogenous chemicals, regulates a large number of enzymes and transporters involved in the response of mammals to their chemical environment [30, 31] . Arg98Cys (VAR_018340) and Arg160Gln (rs12721608) of PXR/NR1I2 were predicted to be deleterious by both SIFT and PolyPhen, and Lys148Asn (rs17404869) was predicted as deleterious by SIFT. Arg381Trp (VAR_018342) and Gln426Glu (rs56162473) were also predicted to be damaging by PolyPhen. To date, there is no recorded phenotype related to these variants.
Thyroid hormones play a key role in embryonic development, especially of the central nervous system and muscu- loskeletal system, regulation of cellular metabolic activity and co-regulate cell proliferation, apoptosis, and differentiation [32, 33] . Generalized thyroid hormone resistance (GTHR,autosomal dominant) was caused by mutations in THRB/NR1A2. These include following 12 variants: Arg243Trp (VAR_004633), Ala317Thr (VAR_004635), Arg320Cys (VAR_004636), Arg320His (VAR_004637), Arg338Trp (VAR_004640), Gln340His (VAR_004641), Gly345Ser (VAR_004644), Gly345Arg (VAR_004645), Arg438His (VAR_004649), Lys443Glu (VAR_004651), Cys446Arg (VAR_004652), and Pro453His (VAR_004653). Six of these 12 variants were successfully predicted to affect protein function by both SIFT and PolyPhen programs. For Gly345Arg and Cys446Arg, PolyPhen predicted correctly but SIFT did not. Both SIFT and PolyPhen were not correct in prediction for variants Ala317Thr, Gly345Ser, Arg438His, and Pro453His.
DISCUSSION
Currently, numerous association studies are undertaken for explaining how common genetic variations in the form of SNPs may impact the health and increase the risk of complex disease in humans. Due to the large number of SNPs collected in public SNP databases, a primary challenge in these studies is the selection of reliable SNPs that have a high probability of altered protein structure leading to phenotypic changes. Predicting the phenotypic consequences of nsSNPs using algorithms in silico may provide a greater understanding of genetic differences in susceptibility to disease and drug response. Numerous experiments on the function of SNPs have found that genetic mutations in the human NR gene family are responsible for interindividual variation in NR activity and the expression levels of enzymes that are governed by NRs, which contribute to disruption of signalling pathways, hormone resistance, metabolic dysfunction and are associated with several clinically relevant diseases.
In this study, we explored the relationship between prediction consequences of nsSNPs by computational approaches and real phenotypes confirmed by experiments.
A total of 442 validated nsSNPs were obtained from 48 validated human NR genes from the NCBI dbSNP, MutDB and SWISS-Prot databases. Each NR gene had an average of 9.21 nsSNPs. About 52% (229/442) nsSNPs in the dataset of validated nsSNPs in NR genes were found to attribute to alteration of enzyme activity and correlate with disease according to published in vivo and in vitro studies. These confirmed phenotypes of nsSNPs are related to alteration of hormone sensitivity and NR activity of binding to DNA regulatory regions and specific ligands, and then connected to susceptibility to diseases such as complete or partial androgen insensitivity syndrome, generalized thyroid hormone resistance, FPLD3, type 3 familial partial lipodystrophy, type I maturity-onset diabetes of the young, non-insulindependent (Type II) diabetes mellitus, type1 pseudohypoaldosteronism, vitamin D-dependent rickets, congenital adrenal hypoplasia, prostate cancer, and reduced transcription and DNA binding capacity. In 229 confirmed allelic variants in NR genes, 65% of the allelic variants were presented in AR (149/229). Other confirmed phenotypes are mainly distributed in THRB (21/229, 9%), NR0B1 (15/229, 7%), VDR (12/229, 5%) and NR3C1/GR (10/229, 4%).
A number of haplotypes exist in the human NR family. Haplotypes are considered as better predictors for phenotype than individual SNPs. However, it is currently too complicated to design a computational method to predict the genotype of haplotype, although a few algorithms have been developed to analyze haplotype frequencies and predict haplotype phases based on individual genetic information [34] .
Prediction of the functional impact of nsSNP could be used in early diagnosis of diseases and drug discovery. Although a number of complicated in silico approaches have been used to predict the function of nsSNPs, the most informative features for these algorithms are amino acid sequence alignment [35] , the physio-chemical differences based on the basic features of amino acids [36] , mapping to corresponding protein three-dimensional structures or models of protein and protein complexes [37] [38] [39] , and combinations thereof [40] . Different in silico algorithms focus on different aspects of this information, among which the SIFT algorithm and the PolyPhen algorithm are the main representatives in this field. Significant concordance was observed between the functional consequences of nsSNP predicted by SIFT and PolyPhen (Spearman's = -0.601; P 0.001). Defining that the variants whose positions with normalized probabilities < 0.05 in SIFT and < 1.5 are predicted to be deleterious in PolyPhen are predicted to be deleterious, 65.38 % and 60.86 % of the amino acid substitutions are predicted by SIFT and PolyPhen algorithms, respectively, to have functional effects on NR activity. They are significantly higher than results from Wang et al. [41] who reported that 39-43 % of nsSNPs in human CYP genes were predicted to have functional impacts on protein function, and Xi et al. [17] who reported that 20-50% of the large number of amino acid substitutions observed in DNA repair genes were supposed to impact function. However, the ratio of deleterious nsSNPs in certain genes is slightly higher than that in other genes located in the normal human genome. Ng and Henikoff [42] reported that 25% of 3084 nsSNPs from dbSNP would impact protein activity using SIFT. According to statistics of PolyPhen website, there are 33.2% of 76,434 entries in total predicted to be possibly and probably damaging based on the dbSNP build 126.
The prediction accuracy for these in silico algorithms is also investigated. A number of in vivo and in vitro experiments have provided directly or indirectly evidence for nsSNPs functional effect on alteration of protein stability and NR activity, metabolic dysfunction or correlation with diseases. It has been estimated that 68 73% of amino acid substitutions were predicted correctly by SIFT and PolyPhen [41, 42] . Wang et al. [41] identified 68.57% and 69.80% of 259 nsSNPs in human CYP genes were correctly predicted as deleterious using SIFT and PolyPhen algorithms, respectively. Using SIFT algorithm, Ng and Henikoff [42] identified 69% of deleterious nsSNPs (3626/5218) from amino acid substitutions annotated to be involved in disease risk from databases and 63% of deleterious nsSNPs from substitutions in lac repressor and lysozyme (Lacl) that affect function. Based on probabilistic models developed by the authors, 75% of nsSNPs in a total of 733 amino acid substitutions in Lacl that affect function were predicted correctly by Chasman and Adams [43] , whereas 69% of nsSNPs in a total of 1551 allelic variants involved in disease from databases that affect function were predicted correctly by Sunyaev et al. [39] . In this study, SIFT and PolyPhen predicted successfully the effect of 83.84% and 78.86 of 229 allelic variants in NR gene family. These rates of accuracy are higher than those found in previous studies. Notably, a higher prediction accuracy (96%) was obtained by Xi et al. [17] using PolyPhen and SIFT on the phenotype of APEX1 (multifunctional DNA repair enzyme 1) variants. Although the data for evaluation were obtained from benchmarking studies, there maybe exist certain bias because of small samples of only 26 substitutions and it should be careful to extrapolate this data to other gene family or the whole genome.
In addition, the Pearson 2 test shows that, of nsSNPs predicted as deleterious, the prediction scores by SIFT and PolyPhen were significantly correlated with the numbers of nsSNPs with known phenotype. This result supports that nsSNPs with less scores in SIFT and more scores in PolyPhen have more probability to have phenotypical effects. Using oligonucleotides for in vitro synthesis of mutant DNA, site-directed mutagenesis, providing direct evidence for SNP functions, has been widely used in the study of protein structure-function relationships, gene expression and vector modification [44] . Furthermore, site-directed mutagenesis has widely been employed to explore genotype-phenotype relationships in human genes. However, the prediction accuracy of SIFT and PolyPhen based on site-directed mutagenesis were 83.80% and 76.06%, respectively, in this study, similar to that based on the benchmark results.
There are several factors affecting the prediction accuracy. First of all, many nsSNPs are common and probably "neutral" variations within the human genome and are not associated with any overt clinical phenotype but incorrectly annotated as causing disease. It is easy to get the wrong conclusion because these mutations were observed in vitro or in patients or are in linkage disequilibrium with other substitutions that can result in disease phenotype [42] . Secondly, there exists a 19% false positive error in SIFT and a 9% false positive error in PolyPhen [45] . If all of the nsSNPs from the dbSNP were functionally neutral, there are 19% or 9% predicted as deleterious nsSNPs. Finally, damaging mutations in redundant motifs partially accounts for erroneous predictions [42] . Programs like SIFT and PolyPhen that identify SNPs by aligning ESTs or genomic sequences possibly detect base differences between the functional gene and a pseudogene or another gene of the genome with redundant motifs that actually have lost their function. Thus, programs would erroneously report these differences as SNPs in functional genes.
In conclusion, the present study has identified 61-65 % of nsSNPs of human NR genes to be deleterious using in silico methods. A prediction accuracy analysis found that about 80% of nsSNPs were predicted correctly as damaging. Of the nsSNPs predicted as deleterious, the prediction scores by SIFT and PolyPhen were significantly associated with the numbers of nsSNPs with known phenotype confirmed by benchmarking studies including site-directed mutagenesis analysis and clinical studies. These amino acid substitutions are supposed to be the pathogenetic basis of increased susceptibility to certain diseases. The prediction of nsSNPs in human NR genes would be useful for further genotypephenotype studies on the individual difference in hormone sensitivity, NR capability to regulate expression of target genes, and clinical response to drugs. 
